The prospect of manipulating human chromosomes in an experimentally tractable system has been an attractive, but elusive one ever since Murray and Szostak introduced the concept of an artificial chromosome constructed from isolated components a dozen years ago (1). Subsequent studies in yeast using the artificial chromosome system have provided numerous insights into the molecular nature of and mechanistic basis for functional chromosomal elements (2), have elucidated the behavior of yeast chromosomes during both mitosis and meiosis (3), and, as a not insignificant fringe benefit, provided the initial tools for cloning of large DNA molecules as part of the Human Genome Project (4).
Attempts to carry out similar analyses in mammalian cells have been frustrated by considerable size and engineering differences between yeast and mammalian chromosomes. Both yeast and mammalian chromosomes are linear and appear to utilize the same set of basic functional elements-telomeres, centromeres, and origins of replication; however, whereas the largest chromosome in the yeast Saccharomyces cerevisiae is <3 Mb in size and the chromosomes of the fission yeast Schizosaccharomycespombe range in size from -3 to 5.7 Mb, human chromosomes contain from -50 to 250 Mb of DNA. From an engineering perspective, these larger chromosomes appear to be harder to move around during the cell cycle as well. Yeast chromosomes require binding of only a single microtubule to ensure productive interactions with the mitotic spindle and proper segregation, whereas mammalian chromosomes bind dozens of microtubules. Lastly and probably most importantly, the size and complexity of human and other mammalian chromosomes notwithstanding, those interested in studying the organization and mechanics of mammalian chromosomes have thus far lacked the powerful genetic systems available to yeast and, increasingly, to Drosophila cytologists. Experimental approaches for manipulating mammalian chromosomes are, therefore, sorely needed, and, in that light, the report of Heller et al. (5) in this issue of the Proceedings is a welcome step forward. They report the latest in a series of studies to use the method of chromosome truncation to generate mitotically stable "mini-chromosomes" derived from the human Y chromosome, usually 50-75 Mb in size. The resulting minichromosomes range in size from -3.5 to 9 Mb and thus are approaching a size possibly capable of being shuttled between mammalian cells and yeast for further manipulation.
Mini-Chromosomes and Artificial Chromosomes
Ideally, the ability to fully manipulate a mammalian chromosome experimentally requires production of a linear molecule of defined structure, carrying each of the known functional elements required for normal chromosome replication, segregation, and integrity (6, 7). Such chromosomes would be of immediate value for carrying out genetic, molecular, and cell biological studies into the nature of normal chromosome behavior in mammalian cells. In addition, they would facilitate investigation into the organization and function of complex genomes, particularly in the context of genes or chromosomal regions that are too extensive to be easily handled with currently available vectors. Lastly, from a practical standpoint, such chromosomes could provide a basis for novel nonviral gene therapy approaches (8) .
Two fundamentally different approaches have been taken to address the requirements necessary to manipulate eukaryotic chromosomes (Fig. 1) . One involves assembling known functional chromosomal elements in vitro to construct a stable artificial chromosome. This approach has been used with great success to create yeast artificial chromosomes in both S. cerevisiae (1) and S. pombe (13) . However, the simplicity and elegance of the approach notwithstanding, similar success has not yet been reported for mammalian artificial chromosomes, at least in part because of current deficiencies in understanding the nature of DNA sequences required for normal centromere function and because of current difficulties with working with the extremely large DNA molecules likely needed to mimic a functional mammalian chromosome.
An alternative approach involves manipulation of an existing chromosome to generate smaller mini-chromosome derivatives suitable for further study and/or further fragmentation. For example, Karpen and Murphy (10, 11) used low-dose irradiation to generate stable Drosophila mini-chromosomes that have been used to define both centromeric and extracentromeric sequences necessary for mitotic and meiotic chromosome transmission in Drosophila. To apply the same approach to mammalian chromosomes, a number of groups have shown that stretches of DNA corresponding to the known telomeric sequence (TTAGGG)n introduced into mammalian cells seed formation of de novo telomeres and truncate the chromosome at the site of integration ( Fig. 1) (14) (15) (16) (17) . Combined with elaborate cell selection schemes and/or brute-force molecular screens to identify desired truncation events, this system has now been used with increasing precision to generate a series of well-characterized mini-chromosomes derived from native human chromosomes (9, 15, 18) . This approach has the simultaneous advantage and disadvantage that it does not first require complete understanding of the molecular requirements of a normal chromosome.
Telomere-Mediated Chromosome Truncation
Initial experiments to generate human mini-chromosomes utilized chromosome truncation mediated by telomeric DNA sequences, coupled with simultaneous positive and negative selection of a hamster/human somatic cell hybrid to identify telomeric integrants that truncated the targeted chromosome (15) . This "Pushmi-Pullyu" counterselection system selects for chromosome breaks in the region on the human X chromosome between two selectable markers; hybrids surviving selection must retain the segment of the chromosome containing the gene under positive selection, having lost the portion of the chromosome under negative selection (19) . The addition of a telomere construct leads to truncation of the X chromosome at the site of integration and increases the frequency of recovered colonies (15 (5, 9) . Although large segments of alpha satellite itself likely contain origins of DNA replication, additional genomic DNA may be needed on one or both sides of the centromere to provide artificial chromosome arms required for mitotic stability and interactions with the mitotic spindle (10) (11) (12) , to provide additional origins of replication, to prevent heterochromatin-induced position effects, and/or to establish a "normal" chromosomal environment to support fully regulated gene expression.
round of telomere-mediated chromosome truncation on one of the initial hybrids containing a mini-chromosome derived from the human X chromosome and engineered smaller mini-chromosomes estimated to be <10 Mb in size. The resulting mini-chromosomes were linear and, in at least one case, appeared to be mitotically stable. The two telomeres in this mini-chromosome (both created de novo by the sequential truncation of each chromosome arm) flank the centromeric region of the X chromosome, including a significant portion (-2.5 Mb) of the original array of alpha satellite, the predominant family of tandemly repeated DNA found at the centromere of primate chromosomes (18) .
In these original experiments, stringent biochemical selection permitted isolation of desired truncation events from a much larger number of truncations generated by the presumably random integration of telomeric DNA. Brown and his colleagues (9, 16) Although long disregarded as the flotsam and jetsam of genomic turnover mechanisms during evolution (20) , alpha satellite has emerged as a leading candidate for a functional role in normal human chromosome segregation (6, 21) . Several lines of evidence indicate that alpha satellite DNA plays an important role in centromere function. The centromere protein CENP-B, which appears to be required for normal mitosis, binds alpha satellite DNA, as well as centromeric satellite DNAs in other species that share a similar sequence motif ("the CENP-B box") (21). Furthermore, transfected alpha satellite DNA, when integrated into ectopic locations on chromosome arms, can assume at least some of the properties of native centromeres, including formation of a primary constriction, binding of centromere proteins, and formation of dicentric chromosomes with subsequent disruption of anaphase chromosome movement (22, 23) . While interpretation of these transfection experiments is subject to some uncertainty, the data support a role for alpha satellite DNA in at least some aspect(s) of centromere function, although they fall short of establishing that alpha satellite DNA is either necessary or sufficient for normal chromosome segregation. Indeed, under certain circumstances, other apparently noncentromeric sequences appear capable of inducing similar effects (24) and/or supporting chromosome segregation (25, 26) .
Additional evidence that alpha satellite is at least a part of a functional centromere comes from chromosome truncation experiments performed by Brown and colleagues (9) . They used telomeric DNA to truncate the human Y chromosome within its alpha satellite array in both possible orientations. The two derivative mini-chromosomes were both largely mitotically stable in the absence of identified sequence rearrangements or duplications; thus, the simplest interpretation is that the sequence(s) responsible for normal chromosome segregation is alpha satellite itself (9) . The derivative from the Y chromosome short arm (Yp) contained only 140 kb of alpha satellite, thus suggesting an upper limit for the amount of alpha satellite DNA that might be required to construct a human artificial chromosome (Fig. 1) . The occasional missegregation of some of the mini-chromosomes during anaphase might implicate additional sequences adjacent to alpha satellite in chromosome stability (9) . A similar requirement for flanking sequences has been noted for Drosophila mini-chromosomes (11); thus, the centromere of higher eukaryotic chromosomes may be a complex locus, with multiple domains involved in different functions.
Generation of Stable Human Mini-Chromosomes
To the extent that noncentromeric DNA on the chromosome arms might be necessary for normal spindle interactions and chromosome segregation, this may limit the degree to which human artificial chromosomes can be constructed. It is worth recalling also that, in the initial work on yeast artificial chromosomes, chromosome stability and segregation was strongly dependent on overall chromosome size (1, 27). Thus, it is important to establish parameters for the generation of ever-smaller human mini-chromosomes and to critically evaluate the mitotic stability and centromere function of such chromosomes as a function of size, as well as molecular composition.
It is in this context that the work of Heller et al. (5) takes on significance. They have used a second and third round of chromosome truncation to generate Y chromosome minichromosomes <5 Mb in size, thus approaching a size possibly capable of being shuttled back and forth between mammalian and yeast cells. Because targeting of telomere constructs to alpha satellite was found to be relatively inefficient (9), they relied on random integration of biochemically marked telomeres into hamster/human somatic cell hybrids containing either the Yp or Yq mini-chromosomes reported earlier and screened, by extensive brute-force molecular testing, for hybrid colonies that retained the selectable telomere marker in the absence of human Y chromosome DNA distal to the desired integration event. After screening tens of thousands of colonies, they isolated 16 Yp-and 13 Yq-derived mini-chromosomes (5) . Subsequent molecular analysis showed that the majority of the mini-chromosomes resulted from simple truncation events, although some derivatives suffered extensive rearrangement of alpha satellite DNA, the significance of which requires further scrutiny. In the most successful application of this approach, Heller et al. (5) used a third round of telomere-mediated truncation to reduce a second round mini- Brown and colleagues (5) go to great lengths to estimate the stability of the mini-chromosomes using methods currently available to mammalian geneticists. They followed the segregation of both second-and third-round minichromosomes in metaphase and anaphase by direct cytogenetic analysis, in the presence and absence of selection. After as much as 12 weeks in the absence of selection, several of the mini-chromosomes (including the -3.5 Mb derivative) were as stable as native human chromosomes in the context of somatic cell hybrids, with >99% of the cells demonstrating 1:1 or 2:2 segregation of the mini-chromosome in anaphase. From these data, they estimated the rate of loss of the mini-chromosomes to be <1/400 cell doublings.
Although the generation of a stable 3.5 Mb human minichromosome is a significant advance, a detailed molecular description of the mini-chromosomes is needed, especially since many of them suffered some rearrangement during the sequential rounds of truncation. In addition, there is a clear need for the development of more robust assays of mammalian chromosome behavior in living cells. It will be important to assess whether the mini-chromosomes possess normal centromeres and kinetochores (21) and how they interact with the mitotic spindle and with known microtubule motors (12) . For example, are centromere proteins known to be associated specifically with active human centromeres, such as CENP-C and CENP-E, present on the mini-chromosomes? Since the kinesin-related protein CENP-E is a kinetochore component specifically associated with active, but not inactive, centromeres (28) (Fig. 2) , it would be revealing to examine the distribution of CENP-E on the stable mini-chromosomes, as well as on those that show abnormal segregation during anaphase (9) . An increasing number of microtubule motor proteins are being characterized in a variety of systems (12) ; integrating their analysis with a panel of stable and unstable mini-chromosomes of defined structure and mitotic behavior in mammalian cells remains an important goal. As important as development of a stable mini-chromosome may be, the genetic dissection of human chromosome structure and function will require generation of large numbers of "mutant" mini-chromosomes whose segregation behavior is abnormal. Development of a system for the efficient detection and isolation of such mutants would be an advance of tremendous significance. As currently designed, chromosome truncation mediated by telomere integration is self-limiting; as the minichromosomes get smaller, the task of detecting the desired truncation event gets proportionally more difficult. (6, 21) and is detected at the site of centromeric DNA using anti-CENP-B antibodies (green). CENP-E is a kinesin-related, microtubule-binding protein that localizes to the outer kinetochore plate on either side of the primary constriction (21) , as detected with anti-CENP-E antibodies (red). Human metaphase chromosomes are counter-stained with 4',6-diamidino-2-phenylindole (blue). Note that CENP-E is not detected at an inactive centromere of a dicentric chromosome (arrow). Thus, CENP-E specifically interacts with active centromeres only. proach ( Fig. 1) 
